The origin of the high X-ray luminosities of most ultraluminous X-ray sources (ULXs) still remains poorly understood. Most of the scenarios proposed to explain their nature assume that ULXs are powered by accretion on to a black hole (BH). In this case, the detection of compact radio emission and the location of the ULXs in the Fundamental Plane (X-ray versus radio-luminosity plane) can provide an estimate of the ULX BH mass and help address the question of their physical nature. We present the results of a high-resolution (very long baseline interferometry) radio observational campaign aimed at detecting and studying compact radio emission in four ULXs with known radio counterparts. We find that one of the targets (N4559-X4) was previously misclassified: its low X-ray luminosity indicates that the source is not a ULX. No milliarcsec-scale radio emission is detected for N4559-X4 nor for the ULXs N4490-X1 and N5194-X2, for which upper limits on the radio luminosities are estimated. These limits argue strongly against the presence of supermassive BHs in these three systems. For N4559-X4, the low X-ray luminosity and the ratio of the radio and X-ray luminosities suggest the presence of an X-ray binary. Compact radio emission is detected for the ULX N5457-X9 within its Chandra positional error, making N5457-X9 a potential intermediate-mass BH with steady jet emission.
INTRODUCTION
In the late 1970s, the Einstein observatory detected a new class of extragalactic X-ray sources that were not spatially coincident with the nuclei of their host galaxies but had luminosities exceeding the Eddington luminosity of stellar-mass black holes (BHs; Fabbiano 1989) . Extensive studies of these ultraluminous X-ray sources (ULXs) have been made over the past 30 years, but the physical mechanism triggering the high luminosities observed is still under debate. One of the most appealing scenarios suggests that ULXs are intermediate-mass black holes (IMBHs), with masses between 100 and 10 5 M accreting at sub-Eddington rates (e.g., Colbert & Mushotzky 1999) . These IMBHs could be the long sought after seed BHs required to explain the existence of supermassive black holes (SMBHs) in the early Universe (e.g., Volonteri & Rees 2005; . BHs with masses up to ∼100 M could Email: mmezcua@iac.es. † Avadh Bhatia Fellow ‡ Visiting Scientist, University of Hamburg / Deutsches Elektronen Synchrotron Forschungszentrum.
be formed from the death of very young and massive (Population III) stars (Belczynski et al. 2010) or from the core collapse of massive stellar clusters (Portegies Zwart et al. 2004) , while BHs up to 10 6 M could result from the direct collapse of pre-galactic gas discs (Lodato & Natarajan 2006 ; see review by Volonteri 2012) . According to BH mass scaling relationships (e.g., McConnell & Ma 2013) , low-mass dwarf galaxies are expected to host nuclear IMBHs. Therefore, tidal stripping of merging satellite galaxies should result in the presence of wandering BHs [either IMBHs or off-nuclear active galactic nuclei (AGN)] in the haloes of large galaxies (Volonteri & Madau 2008; Bellovary et al. 2010) . ULXs could thus represent the nuclei of captured satellite galaxies (e.g., Lobanov 2008 ).
In another scenario, ULXs could be stellar-mass BHs that appear to radiate at super-Eddington luminosities. Such luminosities could be produced by pressure-dominated accretion discs with photon-bubble instabilities (Begelman 2002) or by beaming effects from either strong outflows (geometric beaming; King et al. 2001; Poutanen et al. 2007 ; King 2008 King , 2009 or the axis of a relativistic jet pointing towards the observer (relativistic beaming; Körding et al. 2002) . The peculiar features of some ULX spectra (i.e., a soft excess and a break at high energies) have been interpreted as support for the super-Eddington scenario ). X-ray timing analysis also seems to show that ULXs exhibit different properties from X-ray binaries in sub-Eddington accretions states, with apparent suppressed variability being observed (Heil et al. 2009 ). This led to the suggestion of a possible new 'ultraluminous' state Roberts et al. 2010 ; also see Feng & Soria 2011 for an extended review). Examples of such super-Eddington accretors and 'microquasars' can be found in our Galaxy (e.g., SS433, Begelman et al. 2006; V4641, Revnivtsev et al. 2002; GRS 1915+105, Mirabel & Rodríguez 1994 , supporting the non-isotropic emission scenario for ULXs with X-ray luminosities up to 10 41 erg s −1 (Rappaport et al. 2005) . Both the beaming and super-Eddington accretion scenarios are in agreement with ULXs being commonly found in star-forming galaxies, and are able to produce the extended photoionized nebulae observed around some ULXs (Wang 2002; Pakull & Mirioni 2003; Kaaret et al. 2004; Lang et al. 2007; Pakull & Grisé 2008; Kaaret & Corbel 2009; Moon et al. 2011; Russell et al. 2011) . However, the non-isotropic radiation scenario struggles to explain ULXs with X-ray luminosities above 10 41 erg s −1 . These extreme ULXs, which include the hyperluminous X-ray sources (HLXs) with LX > 10 41 erg s −1 , are the most probable sources for hosting IMBHs. So far, the strongest evidence for the presence of an IMBH was found in the ULX ESO 243-49 HLX-1 (Farrell et al. 2009 ). Another strong IMBH candidate (N4088-X1) was identified through very long baseline interferometry (VLBI) radio observations that detected compact radio emission (Mezcua & Lobanov 2011) , but follow-up high-resolution X-ray observations with Chandra revealed that the radio and X-ray emission are not consistent (Mezcua et al. in preparation) .
Determining, or at least constraining, the ULX BH mass (MBH) is pivotal to reveal the physical mechanism producing their high X-ray luminosities. Several methods can be used to derive the MBH, the most reliable one being the optical study of the stellar companion in high-mass X-ray binaries (for those ULXs with a high-mass companion), either using photometric (e.g., Pakull & Mirioni 2003; Patruno & Zampieri 2010) or spectroscopic techniques (e.g., Pakull et al. 2006; Kaaret & Corbel 2009; Roberts et al. 2011) . However, only in a very few cases (the most nearby) have ULX optical counterparts been detected (e.g., Tao et al. 2011; Gladstone et al. 2013) . Alternatively, some indirect methods can be used in the X-ray domain including: X-ray spectral fitting together with the luminosity-temperature diagram (e.g., Kaaret et al. 2003; Miller et al. 2003; Gonçalves & Soria 2006; Strateva & Komossa 2009; Davis et al. 2011; Servillat et al. 2011; Godet et al. 2012) , quasi-periodic oscillation frequency scaling with MBH (e.g., Strohmayer & Mushotzky 2003; Strohmayer et al. 2007) , the correlation between X-ray photon index and L/L Edd (Shemmer et al. 2008) , or X-ray variability (Soria et al. 2004; Heil et al. 2009 ).
Detection and studies of radio counterparts to ULXs are an excellent way to reveal their physical nature (where the radio emission is linked to relativistic jets from accreting BHs or shell-like structures from SNRs), by either directly resolving them or providing a measure of their brightness temperature and spectral properties. In particular, VLBI radio observations have been shown to provide the best estimates of the ULX compact radio flux and brightness temperature at milliarcsec scales (e.g., Mezcua & Lobanov 2011; Middleton et al. 2013) , and to spatially resolve, in some cases, the ULX radio counterpart (Mezcua et al. 2013a) . However, only a limited number of ULX radio counterparts have been found so far (Kaaret et al. 2003; Körding et al. 2005; Miller et al. 2005; Sánchez-Sutil et al. 2006; Lang et al. 2007; Pérez-Ramírez et al. 2011; Cseh et al. 2012; Webb et al. 2012; Middleton et al. 2013) . Under the assumption of sub-Eddington accretion, the radio luminosity can be used together with the X-ray luminosity to estimate the MBH by means of the radio/X-ray correlation or the so-called 'Fundamental Plane' of accreting BHs (cf. Corbel et al. 2003; Gallo et al. 2003; Merloni et al. 2003; Falcke et al. 2004; Körding et al. 2006 ). The correlation holds only for sources with steady jet emission that are in a low/hard X-ray spectral state. The core radio luminosity must be used in order to locate the source on the BH Fundamental Plane; hence, high-resolution radio observations are required to detect the compact radio emission.
In this paper, we present the results of a European VLBI Network (EVN 1 ) programme initiated with the aim of detecting and studying milliarcsecond-scale emission in ULXs with known radio counterparts. Four ULXs were observed with the EVN at 1.6 GHz corresponding to a wavelength λ = 18 cm. A description of this sample and the observations performed are presented in Section 2. The results obtained and the constraints placed on the nature of the targeted ULXs are shown in Section 3, while the final conclusions can be found in Section 4.
SAMPLE AND OBSERVATIONS

Sample
The target sources were selected from the ULX radio catalogues of Sánchez-Sutil et al. (2006) and Pérez-Ramírez et al. (2011) as having a bright and compact Very Large Array (VLA) radio counterpart and being located in the disc of the host galaxies to avoid associations with background QSO/AGN (see Fig. 1 ). The identification of the ULX radio counterparts was based on a cross-correlation of the ROSAT and Chandra ULX catalogues (Swartz et al. 2004; Liu & Bregman 2005) with the VLA FIRST 2 survey, which has a sensitivity of ∼0.15 mJy and an angular resolution of ∼ 5 arcsec (Becker et al. 1995) . A summary of the main properties of the X-ray and radio counterparts of the targets are presented in Table 1 . The columns listed are: ULX host galaxy name (Column 1), ULX name (Column 2), right ascension and declination at the J2000 epoch (Columns 3 and 4, respectively) of the Chandra counterpart, most recent Chandra unabsorbed luminosity in the 0.3-8 keV band (fluxes estimated assuming Galactic absorption and a power-law spectrum with photon index Γ = 1.7 − 1.9; Col. 5), Chandra peak luminosities in the 0.3-8 keV band (Column 6), radio (VLA FIRST) versus X-ray offset (Column 7), integrated VLA radio flux density (Column 8), type of radio emission of the VLA FIRST counterpart (Column 9), and references (Column 10).
VLBI radio observations
The four ULX targets were observed during two 12 h observing runs on 2012 June 2012 8 and 9 with the EVN at 1.6 GHz (experiments EM095B and EM095C). The participating VLBI Notes: a Name adopted from Sánchez-Sutil et al. (2006) and Liu & Bregman (2005) . The source was misidentified as a ULX (Sánchez-Sutil et al. 2006) . It corresponds to source 8 in Vogler et al. (1997) and NGC4559-X7 in Liu (2011); b Name adopted from the X-ray catalog of Liu & Bregman (2005) . It corresponds to source XMM-13 in Jenkins et al. (2004) and NGC5457-X50 in Liu (2011) . References: (1) -Mushotzky (2004); (2) stations for EM095C (targets N5457-X9 and N5194-X2) were Effelsberg (Germany), Westerbork (the Netherlands), Jodrell Bank (United Kingdom), Onsala (Sweden), Medicina (Italy), Noto (Italy), and Torun (Poland). In experiment EM095B (observed targets N4490-X1 and N4559-X4) the Hartebeesthoek (South Africa) antenna also participated. Observations were made in the phase-reference mode, interleaving observing scans between each target and a nearby, compact, strong source used as phase calibrator. We used J1224+4335 as the phase referencing source for N4490-X1, while J1229+4335, J1335+4542 and J1408+5613 were used for N4559-X4, N5194-X2 and N5457-X9, respectively. A calibrator-target cycle of 4 min (1 min on the phase calibrator and 3 min on the source) was used. This resulted in a total integration time of ∼2 h on each target (see Table 2 ). Finally, we observed 4C +39.25 (a bright compact radio source) as a fringe finder and bandpass calibrator.
The data were recorded at a rate of 1024 megabit per second (Mbps), in dual-circular polarization, using eight intermediate-frequency bands each covering 16 MHz split into 32 spectral channels. This resulted in a total bandwidth of 256 MHz. The data were later correlated at the EVN Correlator Facility at JIVE 3 with a correlator averaging time of 4 s. The correlated data were calibrated in amplitude using antenna gains and system temperatures with the AIPS 4 , and fringe-fitted using the phase calibrators to derive delay, delay rate, and phase solutions, which were interpolated and applied to the targets. For each target the task IMAGR in AIPS was then used to make a naturally weighted image from the VLBI data. Given the offsets between the X-ray and VLA radio positions of the targets (see Table 1 , column 7), we performed multifield imaging in order to look for radio emission at both locations: one field was centred at the Chandra position of the ULX, and another one at the position of the candidate radio counterpart determined in previous VLA observations. We imaged a field of view (FOV) of ∼5 arcsec for the VLA field and ∼1 arcsec for the Chandra field, deriving these FOVs from the positional errors of the VLA and Chandra ULX counterparts. To enhance the sensitivity on angular scales 0.01 arcsec, the visibility data from baselines shorter than 15 Mλ were used for imaging. No channel averaging was applied to the data to avoid bandwidth smearing (synthesized beam degradation away from the phase centre). The resulting images have typical rms noise of 0.02 mJy/beam and are sensitive to emission with a brightness temperature of 1 × 10 4 K.
Swift X-ray observations
Observations with the Swift X-ray telescope (XRT) were requested for each of our four target ULXs contemporaneous with the EVN observations. We were awarded observations of N5194-X2 (observation ID = 00037267005) and N5457-X9 (observation ID = 00032481001) on 2012 June 9 with exposure times of 4.6 and 4.3 ks, respectively. The resulting data were processed and images extracted using the online XRT data processing facility 5 (Evans et al. 2009 ). A faint source was detected at the Chandra position of N5194-X2, though it is confused with a bright source coincident with the nucleus of NGC 5194. In contrast, no emission was detected at the Chandra position of N5457-X9.
We extracted counts from a circular region with radius of 15 arcsec centred at the position of N5194-X2 and with another circular region with the same radius centred on the nuclear source in NGC 5194 to mask out emission from this bright nearby source. A background circular region with a radius of 45 arcsec was placed in a nearby source-free region, and background subtracted counts were extracted. A total of 11.2 ± 3.5 counts were extracted from the position of N5194-X2, insufficient for spectral fitting. We therefore estimated a flux and luminosity for N5194-X2 with WebPIMMS 6 using the derived count rate of 2.4 × 10 −3 counts s −1 and an absorbed power-law model using the parameters reported in Swartz et al. (2004) , obtaining a 0.5 -8 keV unabsorbed luminosity of 3.8 × 10
39 erg s −1 . While we caution that this luminosity should be taken as an upper limit due to probable contamination from the nearby bright source, we note that it is not dissimilar to the value of 5.58 × 10 39 erg s −1 measured by Swartz et al. (2004) in the same band. Scaling to the 2 -10 keV band using the same model, we obtain an unabsorbed luminosity of 2.5 × 10 39 erg s −1 . For N5457-X9, we extracted counts from a circular region centred on the source position with a radius of 20 and a background region of radius 45 placed in a nearby source-free region. A total of 2.4 ± 1.8 counts were extracted, giving a 3σ upper limit of 1.8 × 10 −3 counts s −1 on the count rate. Using the column density of 3.17 × 10 21 atoms cm −2 measured by Jenkins et al. (2004) and a power law with Γ = 1.7 (consistent with a low/hard-state spectrum), we estimate a 3σ 2-10 keV upper limit of 3.9 × 10 38 erg s −1 on the luminosity of N5457-X9 using WebPIMMS.
CONSTRAINTS ON THE ULXS
For N4490-X1, N4559-X4 and N5194-X2 no radio emission was detected above a 5σ noise level within 5 arcsec of the VLA radio source position nor within 1 arcsec of the Chandra X-ray position. Upper limits on the flux density of these sources were obtained by estimating the local rms at the Chandra position, and are provided in Table 2 . For N5457-X9, a compact component of flux density 0.12 ± 0.05 mJy 7 is detected at a 5.2σ level (Fig. 2) . This corresponds to an integrated luminosity of 1.01 × 10 34 erg s
at the distance of the galaxy (6.7 Mpc; Freedman et al. 2001 ). The component is centred at RA(J2000) = 14 h 03 m 41 s .2672 ± 0.0003 s , Dec.(J2000) = 54
• 19 04 .069 ± 0.003 and is coincident with the X-ray counterpart within the 0.6 arcsec Chandra positional error. The fit of a two-dimensional elliptical Gaussian to the peak of emission using the AIPS task JMFIT yields a lower limit on the brightness temperature of TB > 8 × 10 4 K and an upper limit on the size of 32 × 22 mas.
The non-detection of compact radio emission from N4490-X1, N4559-X4 and N5194-X2 with the EVN indicates that either the VLA radio emission of these ULXs is resolved out at mas scales or that the ULX radio emission is variable. The minimum sizes of the radio emitting regions in the VLA fields can be crudely estimated by considering together the VLA flux densities and the upper limits on the brightness temperature resulting from the VLBI non-detections. These limits are listed in Table 2 . The size 
N4490-X1 1.9 < 0.020
2.9 0.12 < 1.5 > 0.69 > 22
Column designation: (1) ULX name; (2) EVN integration time; (3) Peak flux density at the Chandra position of each ULX; (4) Brightness temperature resulting from the EVN non-detections; (5, 6) Minimum sizes of the radio emitting regions in the VLA fields, in arcsec and pc respectively.
DECLINATION (J2000)
RIGHT ASCENSION (J2000) of the EVN beam (∼ 30 mas) corresponds to physical scales of ∼ 1 pc at the distances of the targeted ULXs. This rules out the presence of compact pc-scale supernova remnants (SNRs, e.g., SNR 4490-1; Mezcua et al. 2013a ) in these sources, but does not discard the presence of larger SNRs or radio nebulae resolved out by the VLBI radio observations. Indeed, the size limits inferred for these objects from the EVN data (all > 5 pc) rather imply HII regions or very old SNRs. On the other hand, the presence of an accreting BH cannot be ruled out either. A decrease in radio flux at mas scales has been reported in sources with steep radio spectra, e.g., in some Seyfert nuclei (e.g., Orienti & Prieto 2010) , the nuclei of dwarf galaxies (e.g., Reines et al. 2011) and in ULXs hosting a radio nebula (IC342-X1; e.g., Cseh et al. 2012) . The non-detection of mas-scale radio emission is thus still consistent with accreting BHs showing extended jet radio emission or surrounded by nebular emission, but lacking a bright compact core. In addition, the ULX radio emission may also be variable (e.g., Webb et al. 2012; Middleton et al. 2013) . If this is the case, the non-detections do not rule out the presence of radio jets but can be explained by the jets being temporarily turned off at the time of the observations. Given the core radio luminosity and the X-ray luminosity of a source, an estimate of its MBH can be obtained from the Fundamental Plane of accreting BHs (e.g., Körding et al. 2006 and references therein). This is applicable only for sources with a coupled jet-accretion disc system in the low/hard state, whose X-ray emission comes from an optically thin accretion flow or corona and is dominated by a very flat (i.e., hard) power-law spectral component (e.g., Falcke et al. 2004) . Given the hard power-law X-ray spectra of three of the ULXs studied (Γ=1.7-1.9 for N4559-X4, N5194-X2 and N5457-X9) and the detection of compact radio emission in one of them (N5457-X9), the presence of a coupled jet-disc system can be assumed to estimate the MBH, for which we use the radio/X-ray correlation that presents the minimum scatter (i.e., the one from Körding et al. 2006 , with σ = 0.12 dex; Table 3 ). This correlation corresponds to the upper slope of 0.63 ± 0.03 of Gallo et al. (2012) . It should be noted that a second track with slope 0.98 ± 0.08 has been recently found (Gallo et al. 2012) , which raises the uncertainties of the BH mass estimates. The lack of simultaneous X-ray and radio observations can also add further sources of uncertainty; hence, simultaneous Swift and EVN radio observations have been attempted here. We also use other data reported in the literature (i.e., the most recent Chandra luminosities available); hence; the values presented in Table 3 , Column 2 are meant as upper limits on the BH mass estimates. These allow us to discard SMBHs as the nature of three of the ULXs studied (N4490-X1, N4559-X4 and N5194-X2).
To further investigate the nature of the targeted ULXs, we consider each individual source in more detail, referring to published results and previous suggestions on the nature of these systems. We also derive the ratio of 6 cm radio emission to 2-10 keV X-ray emission RX ≡ LR/LX = νLν (5 GHz)/LX(2-10 keV), as defined by Terashima & Wilson (2003) . We list the derived RX values for each ULX in Table 3 . We also list the RX values for various objects for comparison [e.g., X-ray binaries, a cluster of hot stars, two SNRs, and several low-luminosity (LLAGN)]. Using these values, we would expect IMBHs to have an RX in the range -5.3 to -3.8.
We find that the RX upper limits rule out the possibility of LLAGN in N4490-X-1, N4559-X4 and N5194-X2, leaving them as viable IMBHs. For N4559-X4, the low X-ray luminosity and the upper limit on RX suggest an X-ray binary nature. N5457-X9 is the only source for which we are able to determine a lower mass limit, which precludes the possibility of this ULX being an X-ray binary source (i.e., stellar-mass BH).
N4490-X1
The ULX N4490-X1 (CXOU J123029.5+413927) is one of the eight ULXs residing in the interacting galaxy pair NGC 4485/4490, at a distance of 7.8 Mpc (Tully & Fisher 1988) . N4490-X1 was identified as a possible SNR due to its high absorption column, soft underlying continuum, the identification of a weakly detected [O VI] emission line and its coincidence with the radio source FIRST J123029.4+413927 (Roberts et al. 2002) . However, its X-ray luminosity dropped by 30% in a four-month period, a behaviour that is more typical of an X-ray binary source, and showed that its long-term X-ray decay was inconsistent with that of a young SNR. The Chandra X-ray spectrum was fitted by a very steep power law (Γ = 3.9; Gladstone & Roberts 2009), obtaining a 0.5-8 keV observed luminosity of 0.9 × 10 39 erg s −1 . This is compatible with the steep power-law/very-high state, albeit the high/soft state cannot be ruled out (e.g., McClintock & Remillard 2006) . Although the Eddington fraction of this steep power-law state is not well constrained, it is known to be a sub-Eddington accretion state occurring at 0.5 Eddington rate (e.g., McClintock & Remillard 2006) . Making the assumption that this source is accreting at < 100% Eddington rate, we can use simple mass scaling to provide a lower mass limit of ∼ 10M . If instead we assume that this source is residing in the high/soft state, which occurs at ∼ 0.1 Eddington rate, this provides a mass estimate of ∼ 80M , indicating that the source is a massive stellar remnant BH. Its VLA radio counterpart is resolved with a size of 75 pc × 150 pc and has a flat spectral index α = −0.13 (where Fν ∝ ν α ; Mushotzky 2004). The variation in both X-ray luminosity and X-ray spectral shape of N4490-X1 together with its radio emission (not detected in any of the other ULXs in the NGC 4485/4490 pair) makes it an outstanding source very different from the other ULXs in the galaxy. To explore this difference, we will briefly assume that this source was observed in the low/hard state in order to obtain some constraints on the system from the fundamental plane of accreting BHs. To do this, we use the Chandra luminosity taken from Swartz et al. (2011, L 0.3−−10 .0keV = 9.0×10 38 erg s −1 ), with an assumed Γ of 1.7, scaled to the 2-10 keV bandpass using WebPIMMS. By combining this with the 5 GHz radio flux from Mushotzky (2004) , we find a BH mass of log MBH < 8.3M and a ratio log RX < −2.7.
These values are consistent with N4490-X1 being an LLAGN, but do not rule out an IMBH or X-ray binary nature. Taking the upper limit on the EVN flux density of Table 2 and scaling it to a 5 GHz radio luminosity using α = −0.13, a BH mass estimate of log MBH < 4.8M and ratio log RX < −4.9 are found. These upper limits discard the presence of an SMBH, but are in agreement with N4490-X1 being either an IMBH or an X-ray binary. This result is consistent with the mass limits previously obtained from the X-ray spectral states.
N4559-X4
N4559-X4 is located within a blue HII region close to the centre of the nearby spiral galaxy NGC 4559 (d = 5.8 Mpc; Tully et al. 1992) . It was first detected by the ROSAT satellite (Vogler et al. 1997, source 8) and included in the X-ray catalogue of Liu & Bregman (2005) with a luminosity in the 0.3-8 keV band of 2.07 × 10 38 erg s −1 (computed using a power-law spectrum with Γ = 1.7). In later Chandra observations (taken in 2007; Liu 2011), the source had a luminosity 1.78×10
38 erg s −1 and its spectrum was described as being in the hard phase (Liu 2011 declassifies it as a ULX. N4559-X4 has a faint radio counterpart that does not show any extended emission in the VLA image at 1.4 GHz (Sánchez-Sutil et al. 2006) . No compact radio emission is detected with the EVN at 1.6 GHz, so an upper limit on its 1.6 GHz radio luminosity of L1.6GHz < 1.35 × 10 33 erg s −1 is derived from the rms at the position of the Chandra counterpart. Despite the non-detection, the upper limit on the radio luminosity allows us to place constraints on the nature of this source. The VLA and EVN radio luminosities (Sánchez-Sutil et al. 2006) can be scaled to 5 GHz assuming a radio spectral index α = 0.15 (e.g., Falcke et al. 2004) , while the Chandra X-ray luminosity can be scaled to the 2-10 keV band using Γ = 1.7 (using WebPIMMS). Using the compact VLA radio flux density, a BH mass of log MBH < 7.8M is derived from the location of the source in the Fundamental Plane, while the EVN upper limit further constrains the mass to log MBH < 5.3M . As a result, the EVN non-detection allows us to discard an AGN as the nature of this source and suggests that N4559-X4 could host either an X-ray binary or an IMBH. If IMBHs have values −5.3 < log RX < −3.8, that is, in the range between those of AGN and stellar-mass BHs, the log RX < −4.4 derived for N4559-X4 using the EVN upper limit further discards the AGN nature and supports the X-ray binary or IMBH scenarios. However, the low X-ray luminosity points towards an X-ray binary as the most probable nature for this source.
N5194-X2
NGC 5194 or the Whirlpool Nebula is a starburst spiral galaxy that is interacting with the galaxy NGC 5195. NGC 5194 is located at a distance of 8.4 Mpc (Swartz et al. 2004 ) and hosts a total of seven ULXs (Swartz et al. 2004 ). The ULX X2 presents a power-law X-ray spectrum of Γ = 1.86 and luminosity L 0.3−−8keV = 5.58 × 10 39 erg s −1 (Swartz et al. 2004) , and is coincident with a peak of VLA radio emission within 0.4 arcsec (Pérez-Ramírez et al. 2011) . From the Swift data, an upper limit on the X-ray luminosity at the time of the EVN observation of L 2−10keV < 2.5 × 10 39 erg s −1 is estimated, which is the luminosity that we will use to estimate the BH mass and RX ratio. From the VLA emission, we derive an upper limit on the radio core luminosity at 5 GHz of 6.1 × 10 35 erg s −1 , assuming α = 0.15 (Falcke et al. 2004) . Using this VLA luminosity and the Swift luminosity, the location of N5194-X2 in the Fundamental Plane of accreting BHs yields an estimate of the BH mass of log MBH < 7.2M . The upper limit on the compact radio emission given by the EVN observations yields a luminosity L1.6GHz < 2.03×10 33 erg s −1 and allows us to further constrain the BH mass to log MBH < 4.2M and the RX ratio to log RX < −5.5. The close location of the ULX to the nucleus of the host galaxy (see Fig.1 , bottom left) disfavours a possible background AGN, which is consistent with the EVN upper limit on the BH mass. The log RX < −5.5 found for this ULX is consistent with an X-ray binary and lower than the RX expected for an IMBH, but the uncertainties in the range of log RX mean that we cannot conclusively rule out an IMBH. In the case of an X-ray binary, its X-ray luminosity (∼6×10 39 erg s −1 ; see Table 1 ) could be only explained by either super-Eddington accretion, beaming effects, or a more massive stellar-mass BH (i.e. 10 < M < 100M ).
N5457-X9
The ULX N5457-X9 (Liu & Bregman 2005; XMM-13 in Jenkins et al. 2004 and NGC 5457-X50 in Liu 2011 ) is coincident with the giant HII region NGC 5461 (see Fig. 1, bottom right) , located in the nearby spiral galaxy M101 (or NGC 5457, d=6.7 Mpc; Freedman et al. 2001 ). This ULX was first detected by the ROSAT satellite as a non-variable source with an X-ray luminosity in the 0.3-8.0 keV band of 3 × 10 38 erg s −1 . In later XMM-Newton observations, the source reached an unabsorbed luminosity of 1 × 10 39 erg s −1 , and the data revealed the presence of short-term variability. The long-term lightcurve showed that the source varies over longer time-scales by a factor ∼5 (Jenkins et al. 2004 (Jenkins et al. , 2005 , while its X-ray spectrum was fitted by an extremely hard power law (Γ= 0.2-0.4). However, data obtained using the Chandra satellite (Jenkins et al. 2004 ) were well-fitted by an absorbed cool disc blackbody model. The resultant fits from each of these models (when combined with the observed long-term lightcurve) indicate the presence of a massive stellar-mass BH or an IMBH (Jenkins et al. 2004 ). In the most recent (2007) Chandra observations (Liu 2011 ) the source presented an unabsorbed luminosity L 0.3−−8keV = 1.23 × 10 38 erg s −1 (assuming a power law of Γ = 1.7 and Galactic absorption NH = 3.17 × 10 21 atoms cm −2 ). The detection of a radio counterpart to the HII region NGC 5461 with a flat spectral index of α = −0.08 indicated that some non-thermal emission must be underlying the dominant thermal radio emission (Graeve et al. 1990) . A cross-correlation with the VLA FIRST survey confirmed the detection of extended radio emission (Sánchez-Sutil et al. 2006) . Here, we find that our EVN observations at 1.6 GHz reveal compact radio emission with a flux density of 0.12 mJy and brightness temperature TB > 8 × 10 4 K coincident with the Chandra X-ray position within 0.6 arcsec (Fig. 2) . The compact source has a physical size of ∼1 pc, suggesting that there are two radio components present in the area around this source: an extended thermal component, as revealed by single-dish and VLA radio observations, and a compact non-thermal component.
Radio emission can be detected from HII regions, such as the HII region NGC 5461 this source resides in, and this may be an explanation for the more extended VLA emission. Given the minimum size of the radio emitting region in the VLA field (see Table 2 ), the detected compact radio emission could be coming from inside an HII region of size >22 pc and whose extended emission is resolved out by the EVN. The compact radio detection could then come from either a compact SNR or a compact HII region inside the extended HII region NGC 5461. Compact HII regions have been observed elsewhere, with physical sizes between 1-7 pc, their X-ray spectrum being well described by a thermal plasma model with temperatures greater than 2 keV, with a radio spectrum of spectral index ∼1, and brightness temperatures below 10 4 K (e.g., Johnson et al. 2001; McDonald et al. 2002; Tsujimoto et al. 2006; Hoare et al. 2007 ). Compact SNRs also have typically physical sizes of a few pc and a steep radio spectrum dominated by optically thin synchrotron emission (e.g., Lacey et al. 2007; Mezcua et al. 2013a ). However, the combination of the shortand long-term variability of N5457-X9 revealed by the X-ray data together with the X-ray power-law spectrum, the flat radio spectral index and the lower limit on the brightness temperature of 8 × 10 4 K are not consistent with a compact HII region nor an SNR 8 . They are more indicative of an accreting BH system. This would suggest 8 It should be noted that this flat radio spectral index was derived from either that we are looking at a chance coincidence of an HII region and ULX, or that the observed radio emission is from a different origin -from the ULX itself.
To test this, we derive the probability of a chance alignment between the VLA and the Chandra counterparts using the number of detected sources in the FIRST survey (four sources within an FOV of 5 arcmin) and the Chandra point spread function full width at half-maximum of 0.5 arcsec. This gives a probability of chance alignment P (CA) = 0.007%. When taking only the number of sources with the same or greater flux as our counterpart (two sources), we obtain P (CA) = 0.004%. Therefore, the chance alignment probability from the VLA detection of a source with the same flux or greater than our counterpart is very low. It should be noted that these P (CA) calculations do not take into account any potential bias introduced through our target selection or the fact that there may be some correlation between ULXs and HII regions (as there is a known correlation between ULXs and star formation, and also a strong correlation between HII regions and star formation). However, while ULX frequency appears to be correlated with SFR, only two ULXs have to date been found to be coincident with young massive stellar clusters (see Voss et al. 2011; Farrell et al. 2012) . It is therefore not clear whether there really is a correlation between ULXs and HII regions, and therefore whether or not our P(CA) values may be underestimated.
We thus consider the possibility that both the radio and X-ray emissions are from the same source -the ULX. This allows us to explore the nature of N5457-X9 using the Fundamental Plane by scaling our 1.6 GHz to 5 GHz (using α = −0.08; Graeve et al. 1990 ) and assuming that the X-ray luminosity of this source during the EVN observations was the same as that measured by Chandra in 2007 (scaling luminosity to the 2-10 keV bandpass). This suggests that our source has a mass of log MBH = 6.6M and log RX = −3.4. However, the flat radio spectral index used in our scaling was derived from single-dish observations and so may be dominated by the extended emission that is resolved out in our EVN observations. Therefore, we chose to recalculate these values with α = 0.15, a value often used to estimate BH masses from the radio/X-ray correlation (e.g., Falcke et al. 2004) . We find that the resulting masses are similar to that derived above (log MBH = 6.8M ). However, these observations were not simultaneous.
If we now combine our radio detection with the limits obtained from our Swift observations, we obtain more conservative limits on these values. Using the upper limit on the X-ray luminosity provided by Swift and the EVN luminosity (scaled to 5 GHz using α = −0.08), we estimate a lower limit on the BH mass of log MBH > 5.9M and log RX > −4.1, which are both consistent with either a LLAGN or a high-mass IMBH. However, the location of the ULX in a giant HII region in the outer arm of a spiral galaxy that shows no evidence for recent interactions argues very strongly against a SMBH nature. The HII region in which the ULX is located could be the remnant of a dwarf satellite galaxy that has been accreted (as has been suggested for ESO 243-49 HLX-1; Farrell et al. 2012) ; or it could be the IMBH formed naturally in this dense environment through the collapse of a compact massive gas cloud or successive mergers of lower mass BHs. Intriguingly, the Hubble Space Telescope (HST) F658N image of this HII region shows that it has very similar filamentary emission to that seen from the dwarf galaxy I Zw 18 (see Fig. 3 ). On the other hand, the low single-dish observations (Graeve et al. 1990 ) and might thus be dominated by radio emission that is resolved out by the current EVN observations. X-ray absorption seen in the XMM and Chandra data argues very strongly against this being a background object, and the lack of a bright optical point source counterpart in deep high resolution HST images argues against it being a foreground object like a star or X-ray binary. The detection of compact radio emission consistent with the Chandra position of N5457-X9 is thus very suggestive of either a high-mass IMBH or a low-mass SMBH, which can be explained if the giant HII region in which it is located is a satellite dwarf galaxy that is undergoing a minor merger with NGC 5457.
CONCLUSIONS
The association of compact radio emission with ULXs is pivotal to reveal the nature of ULXs as either SNRs, radio nebulae or accreting BHs. In this context, high-resolution (VLBI) radio observations offer a unique technique that allows us to spatially resolve the ULX radio counterpart and determine properties such as the spectral index and brightness temperature, which gives us a hint on the size of the radio structure in case it is not resolved. In addition, in ULXs with steady jet emission and in an X-ray low/hard state the core radio luminosity can be used together with the X-ray luminosity to estimate the ULX BH mass by means of the Fundamental Plane of accreting BHs.
With the aim of clarifying the origin of the high X-ray luminosity of four ULXs with known radio counterparts, we have observed them with the EVN at 1.6 GHz. The results yield the detection of compact radio emission for N5457-X9, providing an accurate location of the ULX radio counterpart. The X-ray and compact radio emissions of N5457-X9 are coincident within the 0.6 arcsec Chandra positional error, which makes N5457-X9 a strong potential high-mass IMBH candidate with steady jet radio emission. N5457-X9 thus offers a unique opportunity to test the Fundamental Plane relationship in the IMBH regime. For the rest of the targets (N4490-X1, N4559-X4, and N5194-X2), upper limits on the radio flux density are estimated from the EVN observations. The upper limits on the BH mass estimated from the radio/X-ray correlation together with the ratio of radio to X-ray luminosities allows us to rule out the presence of an SMBH in these three sources.
